Leukemic stem cells that expressed endogenous telomerase activity were induced to show overexpression of exogenous hTERT and were analyzed for biological changes in order to assess the possible influence of telomerase gene therapy on the transplantation of normal hematopoietic stem cells. Introduction of hTERT into K562, a telomerase-positive immortal cell line, resulted in a 2.5-fold elevation of telomerase activity and the lengthening of telomeres by 6 kb to 23 kb. Real-time fluorescent PCR, which could perform quantitative analysis of transcripts, revealed a 175-fold increase in hTERT expression, suggesting the posttranscriptional regulation of telomerase. Ectopic expression of hTERT in K562 cells showed a survival advantage during culture in the absence of serum. Expression of mRNA for the telomeric-repeat binding factor 1 (TRF1) and caspase-3 activity were both decreased in hTERT-transfected K562 cells. Transduced cells retained their usual phenotypic characteristics, differentiation ability, and signal transduction response to TPA. These data suggest that ectopic expression of hTERT by normal hematopoietic stem cells may confer a survival advantage without changing their innate biological characteristics.
INTRODUCTION
has provided an opportunity to directly investigate the role of telomerase and the maintenance of telo-Telomeres are specialized structures at chromosomal mere length in the replicative life span. ends that are composed of TTAGGG DNA repeats (26).
Hematopoietic stem cell transplantation (HSCT) has Telomeric DNA is folded into loops through association been applied for the treatment of various malignant and with telomere binding proteins (2, 5, 14, 20) . Telomeres nonmalignant diseases. Recovery of the hematopoietic cap chromosomal ends and thereby prevent abnormal system after HSCT involves numerous replication cycles chromosomal fusion and rearrangement. However, each of the hematopoietic stem cells (HSCs). Such enforced time a cell divides, the most distal part of the chromodivision of HSCs may cause excessive telomere shortensome is incompletely duplicated and the telomere becomes ing in the descendent lineages, although HSCs themshorter (15) . Critically short telomeres are dysfunctional selves possess telomerase activity. Indeed, recent studies and enable the formation of aberrant chromosomal struc-(including ours) have demonstrated that HSCT can cause tures, which activate p53-mediated DNA damage signals, telomere shortening of less than 1.5 kb (1,10). This sugresulting in growth arrest or senescence (6) . In many gests that the telomerase activity of HSCs is not suffitumor cells and immortal cell lines, a stable telomere cient to completely compensate for the reduction of telolength is maintained by the expression of endogenous mere length during hematopoietic recovery. In order to telomerase (29) . Telomerase is a ribonuclear protein maintain the full therapeutic potential of HSCs, supplecomplex that has a reverse transcriptase (hTERT) as the mentation with transduced exogenous hTERT may be catalytic domain. The recent cloning of both hTERT and necessary, because the self-renewal and replicative pothe RNA component (hTERC) of human telomerase tential of these cells may depend on sufficient telome-366 YAMADA ET AL. rase activity to maintain stable telomeres. Reconstitution CD41 + cells, and differentiation to mature megakaryocytes was assessed by the shift from CD41 − glycophorin-of telomerase activity through expression of exogenous hTERT enables normal human fibroblasts, as well as ret-A + to CD41 + glycophorin-A − cells. inal epithelial, mesothelial, and endothelial cells, to by-Reverse Transcription-Polymerase Chain Reaction pass senescence (4, 9, 33, 40) . The effects of introduced (RT-PCR) Assay telomerase components on telomere maintenance and Total cellular RNA was isolated by the single-step length have also been reported for a variety of immortal acid guanidinium isothiocyante/phenol chloroform exhuman cell lines that express telomerase (23). However, traction method of Chomczynski and Sacchi using Isothere have been no previous reports on telomerase activgene (Nippongene, Tokyo) (7) . DNase treatment and a ity, telomere length, and the expression of genes for repurification step were added to remove genomic DNA. hTERT and the telomeric-repeat binding factor (TRF) Contamination by genomic DNA was excluded by the together with the phenotypic and functional characterisresults of direct PCR of mRNA in each sample. cDNA tics of transformed HSCs, probably because methods of was synthesized from 1 µg of cytoplasmic RNA using ex vivo stem cell expansion are currently the focus of random primers and Moloney murine leukemia virus investigation. In the present study, we investigated the transcriptase (Clontech, Palo Alto, CA). Then, cDNA effect of enforced hTERT expression in an erythroleukerepresenting 50 ng of RNA was subjected to PCR using mia stem cell line (K562) to examine the influence of the following primers. hTERT: 5′-ACGGCGACATGG hTERT overexpression on differentiation, signal trans-AGAACAA-3′(sense) and 5′-CACTGTCTTCCGCAAG duction, and cell growth, in order to provide data for a TTCAC-3′ (antisense); β-actin: 5′-TGACGGGGTCAC possible approach to telomerase gene therapy in HSCT.
CCACACTGTGCCCATCTA-3′ (sense) and 5′-CTAGA MATERIALS AND METHODS AGCATTGCGGTGGACGATGGAGGG-3′ (antisense); Cell Culture and Induction of Differentiation TRF1: 5′-CAGTCTAACAGCTTGCCAGTTG-3′ (sense) and 5′-GTCTTGTTGCTGGGTTCCATG-3′ (antisense); K562 cells derived from a patient with chronic my-TRF2: 5′-ATTGCTGCGGGTTATGCAGTG-3′ (sense) elogenous leukemia in blastic crisis were obtained from and 5′-TCATCCAGGTGGCTCTCCAGGA-3′ (antisense); Riken cell bank (Tsukuba, Japan) and maintained in RPMIcaspase-3: 5′-TATTGTGAGGCGGTTGTAGAAGAGT 1640 medium supplemented with 10% (v/v) heat-inacti-TT-3′ (sense) and 5′-AACCACCAACCAACCATTTC vated fetal bovine serum, penicillin (100 U/ml), strepto-TTTAGT-3′ (antisense); Bcl-2: 5′-ATGTCCAGCCAG mycin (100 µg/ml), and 2 mM L-glutamine (Gibco BRL, CTGCACCTGAC-3′ (sense) and 5′-GCAGAGTCTTC Gaitherburg, MD, USA) at 37°C in a humidified atmo-AGAGACAGCCAGG-3′ (antisense); Bcl-x L : 5′-GTG sphere of 5% CO 2 in air. Cells were treated for 1-5 days GAAGAGAACAGGACTGAGG-3′ (sense) and 5′-GGT with 10 nM 12-O-tetradecanoylphorbol 13-acetate (TPA), ATTGGTGAGTCGGATCG-3′ (antisense). After initial and the extent of differentiation was monitored by the denaturation for 3 min at 94°C, amplification was perappearance of megakaryocytic antigens in addition to formed in a final volume of 50 µl using 2.5 units of microscopic observation of changes in cellular morphol-Taq DNA polymerase (Ampli Taq; Perkin-Elmer Cetus, ogy (39) . In these experiments, the optimum concentra-Norwalk, CT). Each cycle consisted of 30 s at 94°C, 30 tion of chemical inducer was selected according to the s at 60°C, and 60 s at 72°C (30 cycles for TRF1 or results of preliminary experiments. TRF2; 36 cycles for caspase-3, Bcl-2, Bcl-x L , and 25 Transfection of hTERT cycles for β-actin). The PCR products were separated by 2% agarose gel electrophoresis and the bands were The plasmid (PCI-neo-hTERT) containing the fullvisualized with ethidium bromide, photographed, and length cDNA of hTERT was a gift from R. Weinberg then scanned by computerized densitometry. The rela-(White Head Institute, MIT, MA, USA) (8) . The exprestive concentration of each gene product was determined sion vector and mock vector were transfected by electroby comparing the ratio of the PCR products to β-actin poration using a Gene Pulser apparatus (BioRad, Herin each electrophoresis lane. cules, CA) at 280 V and 960 µF at room temperature. Transfected cells were selected in G418 (Gibco) selec-Nonradioisotopic Telomerase Assay tion medium (800 µg/ml), and finally a single colony was Fluorescence-based telomerase activity was assayed isolated from methylcellulose semisolid medium (24) .
by the TRAP method with some modifications in a total Immunophenotyping volume of 50 µl (19, 39) . In brief, aliquots of untreated cell extracts or heat-treated extracts (10 min at 85°C) Samples were immunophenotyped using a panel of monoclonal antibodies and flow cytometry. The mega-were incubated with 0.1 µg of 6-carboxyfluorescein (FAM)-labeled TS oligonucleotide (5′-AATCCGTCG karyocytic fraction was determined as the percentage of AGCAGAGTT-3′) for 20 min at 22°C in the following To correct for differences in RNA quality, we measured β-actin mRNA expression in parallel and calculated the reaction mixture: 20 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 63 mM KCl, 0.005% Tween-20, 1 mM EDTA, ratio between hTERT and β-actin mRNA transcripts in a given sample. Random-primed, first-strand cDNA was 50 µM dNTPs, 1 µg of T4g32 protein (Boehringer-Mannheim, Mannheim, Germany), and 0.1 mg/ml BSA.
synthesized from total RNA as described in this section. Primer and TaqMan probe sequences were chosen with Following elongation of the [F]-TS primer by telomerase, the mixture was incubated at 95°C for 5 min before the assistance of Primer Express software, version 1.0 (Perkin-Elmer). The primer sequences were the same the addition of 5 units of Taq polymerase and 0.1 µg of the CX primer (5′-CCCTTACCCTTACCCTTACCCT as used in RT-PCR for hTERT. The TaqMan probe of hTERT (5′-CTCCTGCGTTTGGTGGATGATTTCTTG AA-3′), and the elongated products were then amplified by PCR (27 cycles of 94°C for 30 s, 50°C for 30 s, and TTG-3′) was 5′-labeled with carboxy-fluorescein phosphoramidite as the reporter dye and 3′-labeled with car-72°C for 60 s). To detect possible Taq inhibitors, 10 attograms of a 150-bp internal standard amplified by the boxy-tetramethyl-rhodamine for quenching (Takara Shuzou Co., Kyoto, Japan). The primers and the TaqMan same two primers (ITAS) was added to each sample (36) . Fluorescent amplification products were detected probe for β-actin were purchased commercially (Taq-Man β-actin control reagent kit; Perkin-Elmer). Real-by electrophoresis on 4.5% polyacrylamide/6% urea sequencing gels using a 377 automatic sequencer with the time PCR of cDNA specimens and DNA standards was conducted in a total volume of 50 µl of TaqMan PCR GeneScan software package (Perkin-Elmer). Results obtained by this nonradioactive method were comparable buffer (TaqMan PCR core reagent kit; Perkin-Elmer) containing cDNA, 400 nM of each primer, and 200 nM to those of radioactive detection methods for TRAP products (39) .
of TaqMan probe. The PCR conditions consisted of 2 min at 50°C and 10 min at 95°C, followed by 40 cycles Quantitation of Enzyme Activity of 15 s at 95°C and 1 min at 60°C. For each test sample, Telomerase products were represented in a shark-PCR was run in duplicate. Amplification and data analytooth pattern with a periodicity of 6 nucleotides. Each sis were carried out using the Sequence Detector V 1.6.3 peak was calculated automatically in terms of size, program (Perkin-Elmer). height, and area by the GeneScan software. As a stan-DNA Isolation and Southern Blot Analysis dard, the U937 cell line was used (38). Enzyme activity was expressed in arbitrary units by the following for-High molecular weight DNA was obtained from the cells using proteinase-K digestion followed by phenol/ mula: [total peak area for each sample/peak area of ITAS in each sample]/[total peak area for the positive chloroform extraction. Five micrograms of genomic DNA was digested with the restriction endonuclease HinfI control/peak area of ITAS in the positive control].
(Takara Shuzou), according to the supplier's recommen-Real-Time Quantitative Polymerase dations. The resulting fragments were fractionated by Chain Reaction (RQ-PCR) electrophoresis on 0.8% agarose gels and transferred to nylon membranes (Hybond N, Amersham Japan, Tokyo), Real-time PCR and analysis was carried out using after which hybridization was done with an α-32 P-lathe ABI Prism 7700 Sequence Detector System (Perkinbeled telomeric probe (TTAGGG) 7 , as described pre-Elmer). This system is based on the TaqMan assay. A viously (37) . Telomere length was expressed as the peak probe specific for the target sequence between the fortelomere repeat array, as already described (37) . In some ward and reverse PCR primers was labeled with a 5′experiments, the blots were rehybridized with an α-32 Preporter and 3′-quencher dye. When extension occurred, end-labeled microsatellite probe 5′-(CAC)-3′ to confirm the 5′-nuclease activity of Taq DNA polymerase cleaved that both the hTERT-transfected and mock cells were the reporter from the quencher, releasing a fluorescent from the same parental cell line and that equal amounts signal. Background fluorescence was calculated during of DNA had been loaded for each pair of samples (16) . the first 15 amplification cycles. The PCR was positive when the fluorescence signal exceeded the 10-fold SD Caspase-3 Activity Assay of background fluorescence, which marks the threshold cycle (CT). The higher the starting copy number, the Samples containing 5 × 10 6 cells were lysed in lysis buffer (Sigma Chemicals Co., St. Louis, MO), after earlier a significant increase in fluorescence will be observed. By measuring the amount of fluorescence in which the lysate was added to the reaction mixture supplied by the manufacturer. The assay was based on the each cycle, it is possible to determine the number of cycles necessary to reach a certain amount of fluores-colorimetric detection (at 405 nm) of p-nitroanilide (pNA) after cleavage from the peptide substrate DEVD, cence in a test sample by comparison with known standard amounts of template provided as a standard curve.
and it was performed in 96-well microplates according to the manufacturer's directions. The amount of cleaved hTERT by standard RT-PCR at 25 cycles. Increased expression of hTERT was only observed in PCI-neo substrate was measured using a microplate reader (Minireader II, Dynatech, Alexandria, VA). A calibration curve hTERT-transfected K562 cells ( Fig. 1) . was created using different amounts of substrate, which Quantitation of hTERT Gene Expression indicated that color development was linear over the Traditional quantitative PCR assays usually rely on range of substrate concentrations tested, and this curve end-point data collection, resulting in inherent quantitawas used to calculate the relative caspase-3 activity.
tion problems such as a wide standard deviation of the ERK Kinase Assay final PCR product amount (13) . As a result, the quantitation potential of these tests is limited. We developed a Cells were cultured in the presence or absence of 10 real-time quantitative RT-PCR assay based on the Taq-nM TPA for 3 days at 37°C in 5% CO 2 . Then the cells Man method to quantify hTERT mRNA. The fold changes (1 × 10 7 ) were lysed for 30 min in 200 µl of ice-cold in transcript levels were calculated using the threshold lysis buffer containing 20 mM Tris (pH 7.5), 150 mM cycle value (CT) standardized for β-actin according to NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5
the Perkin-Elmer TaqMan User Bulletin 2 (see Materials mM sodium pyrophosphate, 1 mM β-glycerolphosphate, and Methods). As shown in Figure 2 , marked differ-1 mM Na 3 VO 4 , 1 mM phenylmethylsulphonyl fluoride, ences in hTERT transcript levels were observed between and 1 µg/ml leupeptin. Extracellular signal-regulated ki-PCR-neo-hTERT K562 and PCI-neo control K562 cells, nase (ERK) was immunoprecipitated by incubating lywhereas the β-actin transcript level did not change in sates overnight with a monoclonal antibody to phospho-p44/42 MAP kinase (Thr202 and Tyr204) (New England Biolabs, MA). Immunoprecipitates were washed with lysis buffer and then with kinase buffer containing 25 mM Tris (pH 7.5), 5 mM β-glycerolphosphate, 2 mM DTT, 100 µM Na 3 VO 4 , and 10 mM MgCl 2 . The kinase reaction was initiated by incubating the immunoprecipitates with 2 µg of Elk-1 fusion protein (New England Biolabs) as the substrate in the presence of 200 µM ATP for 30 min at 30°C. Samples were separated by SDS-PAGE and transferred to nitrocellulose membranes (Amersham). The membranes were blocked in TBS-T containing 3% BSA and were probed overnight with a rabbit polyclonal phospho-Elk-1 (Ser383) antibody (New England Biolabs). After incubation of the membranes with anti-rabbit IgG conjugated to horseradish peroxidase, phosphorylated Elk-1 was detected using a chemiluminescence system.
Statistical Analysis
Data are the mean ± SD of at least three different experiments. Student's t-test was used to compare the results and a value of p < 0.05 was considered statistically significant. , which is the fluorescence intensity above the background. Note the marked differences in threshold cycles between hTERT-transduced K562 and control vector-transduced K562 cells, while expression of the β-actin housekeeping gene remained essentially unchanged. hTERT-transformed K562 cells showed a 250-fold increase in telomerase transcripts compared with parental K562 cells.
RESULTS

Figure 3. Increased telomerase activity in hTERT-transfected K562 cells. Extracts obtained from PCI-neo-hTERT K562 cells, PCI-neo control K562 cells, and parental K562 cells were analyzed by [F]
-TRAP assay using a fluorescence-labeled TS primer and an automated laser detection system. The characteristic 6-bp DNA ladder of telomerase products is represented by fluorescence curves in the left column. The peak height, peak area, and size starting with the 50-bp band were calculated automatically using GeneScan software. Samples were evaluated using 0.1 and 0.01 µg of total protein to confirm telomerase status. The peak at 160 bp represents the internal standard amplified by the same two primers used for the telomerase assay. Extracts from the telomerasepositive immortal cell line, U937, were used as a positive control and an aliquot of the positive control was heat treated before the assay to serve as a negative control. The quantification of telomerase activity was done as described in Materials and Methods. these cell lines. The changes of mRNA calculated from 23 kb ( Fig. 4) . Considering that the cells had undergone at least 100 divisions after being transformed, the telo-the differences between the β-actin-normalized CT values of the parental K562 cells and PCI-neo-hTERT or meres of PCI-neo-hTERT K562 cells were lengthened by 170 base pairs per cell doubling. Interestingly, PCI-PCI-neo cells were 250 and 1.7 times greater than in the parental line.
neo K562 cells (with slightly elevated levels of telomerase activity) had somewhat shortened telomeres. To Increased Telomerase Activity and Elongation confirm the increase of telomere repeats at the chromoof Telomeres in K562 Cells Overexpressing hTERT some ends in hTERT-transformed K562 cells, FISH was Telomerase activity was measured using the quantitaperformed using biotin-labeled (TTAGGG) 4 as a probe. tive fluorescence TRAP method that we developed (see A high signal intensity was demonstrated in all chromo-Materials and Methods). Activity was quantitated using somal ends without extreme expansion at certain chrothe ratio of the intensity of the telomerase ladder in each mosome arms (data not shown). sample to the intensity of the control telomerase ladder.
Growth Characteristics of hTERT-Transfected Telomerase activity in hTERT-transformed K562 cells K562 Cells and mock K562 cells was increased by 3.7 times and 1.6 times compared with that in parental K562 cells (Fig. 3) .
To examine the role of overexpression of hTERT in Elevated telomerase activity led to elongation of telothe expansion and extension of the life span of K562 meres in hTERT-transformed K562 cells and transfected cells, the growth of PCI-neo-hTERT K562 cells and cells showed elongation of telomeres from 6 kb up to PCI-neo K562 control cells together with that of parental K562 cells was examined ( Fig. 5 ). Although some differences in proliferation during the exponential growth phase were observed over the initial 4 days in culture, the differences between these three cell lines were not significant, as suggested by overlapping error bars for the mean cell count at each time of assessment. After 6 days of culture, all cells continued to grow under limiting conditions, but greater viable cell numbers were observed in hTERT-transfected K562 cells. The effect of serum deprivation on cell survival was also investigated to ascertain whether ectopic expression of hTERT conferred a survival advantage in the absence of serum. It was found that there were significant differences between PCI-neo-hTERT and both control and parental cells regarding the capacity to survive in the absence of serum.
Changes of Apoptosis-Related Gene Expression and Caspase Activity in Transformed K562 Cells
To investigate the mechanisms of improved survival observed in hTERT-transfected K562 cells, the steadystate levels of TRF1 and TRF2 mRNA as well as mRNAs for apoptosis-related genes (such as caspase-3, Bcl-2, and Bcl-x L ) were examined in cycling cells. The number of TRF1 mRNA copies was reduced by 89% in hTERT-transfected K562 cells when compared with mock-transfected cells and by 60% when compared with parental K562 cells (Fig. 6 ). Expression of caspase-3 mRNA was reduced by 40% in hTERT-transfected analyzed caspase-3 activity in these cell lines. As shown in Figure 6 , the level of caspase-3 activity in hTERT-ocytic differentiation of K562 cells is known to be correlated with upregulation of extracellular signal-regulated transfected cells was only 60% of that in vector-transfected cells. kinase (ERK) activity (35) . Thus, we examined whether TPA could induce ERK activation as measured by Elk-
Ectopic Expression of hTERT in K562 Cells Does Not 1 phosphorylation in K562 cells transfected with hTERT Alter Functional and Phenotypic Characteristics
as well as in parental cells. As shown in Figure 7 , phosphorylation of Elk-1 at Ser383 was markedly increased We examined whether ectopic expression of hTERT in K562 cells treated with TPA when compared with affected the cell surface phenotype and the function of untreated cells. Elk-1 phosphorylation at a comparable transduced K562 cells. No differences between parental level to that in parental cells was seen in TPA-treated K562 cells and hTERT-transduced or mock-transduced K562 cells transfected with PCI-neo-hTERT or the con-K562 cells were found with respect to expression of any trol vector, suggesting that overexpression of hTERT of the cell surface markers tested (Table 1) . TPA has did not alter biochemical events such as ERK activation been shown to induce megakaryopoiesis in the K562 cell induced by TPA. To assess the relationship between the line (30) . Megakaryocyte differentiation was induced with effect of differentiation and ectopic expression of 10 nM TPA to establish whether enforced expression of hTERT, telomerase activity was examined in PCI-neo-hTERT affected this process. After 72 h, a significant hTERT, PCI-neo control, and parental K562 cells before increase in the proportion of cells expressing the megaand after induction of differentiation with TPA. PCIkaryocyte-specific cell surface marker CD41 was noted in all these cell lines (Table 1) . TPA-induced megakary-neo-hTERT K562 cells retained higher levels of telome- rase activity when compared with the control and paren-tive level of hTERT expression in transduced K562 cells correlated with threefold higher mRNA expression when tal K562 cells ( Fig. 8 ).
compared with untransduced K562 cells. Traditional DISCUSSION PCR assays usually rely on end-point data collection, In the present study, we investigated the effects of which limits the quantitative potential of these tests, so hTERT overexpression on the erythroleukemia cell line we developed a real-time quantitative RT-PCR assay K562 in order to examine whether hTERT has a role in based on the TagMan methodology to quantify hTERT conferring a growth advantage and to assess the effects mRNA. In contrast to end-point quantitation, use of the of enforced expression on differentiation. The constitu-PCR threshold cycle provides greater accuracy as it occurs in the early exponential phase of the PCR when reagent availability is not rate limiting. PCI-neo-hTERT K562 cells and PCI-neo-K562 cells showed a 250-fold (3, 34) . Our results support this and suggest that posttran- tension rate analysis have suggested that regulation of vention of telomere shortening (12, 41) . There is growing evidence that telomere binding proteins may have an im-the rate of telomere extension did not involve changes in the level of hTERT expression (23). The telomerase portant role in modulating apoptotic pathways in addition to controlling telomerase and telomeric DNA (21) . catalytic subunit is responsible for lengthening activity, but other factors (including telomere binding proteins
In empty vector-transfected K562 cells, overexpression of TRF1 (possibly upregulated in response to a geno-such as TRF1 and TRF2) might be involved in the acquisition of enzyme activity to establish telomere length toxic insult, although the cause is unclear) may result in the activation of caspase-3 and the induction of apopto-equilibrium (31, 32) .
Although some differences in proliferation during the sis in cells with shorter telomeres (21) . On the other hand, ectopically expressed hTERT downregulates TRF1 in exponential growth phase were observed during the initial 4 days of culture, the differences between hTERT-addition to extending endogenous telomeres, and thus may modulate cell death by interfering with caspase ac-transfected cells, empty vector-transfected control cells, and their parental cells were not significant. After 6 tivation (21) . These preliminary observations require confirmation by further investigation of the physiologi-days, all cultured cells continued to grow differently under limiting conditions, and the viable cell count in cul-cal role of TRF1 as an accelerator of cellular aging or a survival extender in relation to hTERT. tures of hTERT-transformed and parental K562 cells significantly exceeded that in cultures of control cells, Although ectopic expression of hTERT leads to an extended life span, we did not observe any gross changes with the highest viability being observed in hTERTtransformed K562 cells. The effect of serum deprivation in the phenotypic or morphological characteristics of transformed cells. We have previously reported that te-on cell survival was also investigated and a survival advantage of hTERT overexpression was confirmed. It has lomerase is rapidly downregulated during the early phase of differentiation in leukemic cell lines (39) . Our been reported that cells possessing longer telomeres show increased resistance to apoptosis when compared results showed that overexpression of hTERT did not affect the capacity of hTERT-transformed K562 cells to with cells having shorter telomeres through the telomere position effect that may protect against activation of cell differentiate into megakaryocytes, suggesting that repression of telomerase activity is not a prerequisite for death-related genes in the subtelomeric regions. However, the finding that expression of exogenous telome-(but rather a consequence of) differentiation and that hTERT-transfected K562 cells retained their differen-rase extends the replicative life span of certain cells without net telomere lengthening suggests that hTERT has tiation characteristics. Furthermore, overexpression of hTERT did not affect the endogenous activation of ERK another life span-extending effect in addition to the pre- Figure 8 . PCI-neo-hTERT K562 cells retain increased telomerase activity during differentiaton. PCI-neo-hTERT K562 cells, PCI-neo control K562 cells, and parental K562 cells were induced to differentiate to the megakaryocytic lineage by the addition of 10 nM TPA to the medium. Cells were harvested at the indicated intervals and extracts were subjected to [F]-TRAP assay. The fluorescence curve with the 6-bp distance between the peaks demonstrates telomerase activity. The peak at 160 bp represents the internal standard. Samples were evaluated using 0.1 µg of total protein. Extracts from the telomerase-positive immortal cells line U937 were used as a positive control and the quantification of telomerase activity was done as described in Materials and Methods. signaling by TPA during megakaryocytic differentiation.
a requirement for maintaining their biological properties in therapeutic applications. These findings are consistent with recent reports on the lack of induction of a transformed phenotype in hTERT-Introduction of the telomerase gene into HSCs is a (University Shizuoka) for stimulating discussion, and are also grateful to Mr. Shouhei Azuma (Numazu, Shizuoka) for supuseful technique, which offers a strategy that may allow 
